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論 文 内 容 要 旨          
Fossil fuels remain the most dominant energy source worldwide, but the lack of fossil fuels makes it more 
and more urgent to find alternative and renewable energy sources. Organic solid waste is substantially 
generated daily, and is regarded as one of the most dominant energy sources due to the potential to provide a 
continuous power or heat generation. Anaerobic digestion is one of the most promising and applicable 
technologies for the treatment of organic solid waste. In recent years, the application of anaerobic digestion 
has emerged spectacularly and the amount of digested waste has increased at an annual growth rate of 25%. 
The major drawbacks of anaerobic digestion of organic solid waste are the long retention time and low 
degradation efficiency. Generally, the poor hydrolysis of particulates to soluble substrate is the limiting factor 
for anaerobic digestion of organic solid waste. Pretreatment is the widely used method to enhance hydrolysis 
and facilitate the application of anaerobic digestion, including mechanical, thermal, chemical and biological 
methods. Among those pretreatment methods, thermal pretreatment and anaerobic pre-hydrolysis 
(two-stage anaerobic digestion) is suitable in both efficiency promotion and reduction of environmental 
impact at relatively low costs. Thus, the integration of thermal pretreatment with two-stage anaerobic 
digestion to form thermal-mesophilic temperature-phased two-stage process is a possible outlet to upgrade 
the anaerobic digestion of organic solid waste at relatively low costs. Recently, a recirculation from the end 
stage to the front stage is introduced to a two-stage process to further upgrade the two-stage process. It is 
found that recirculation exerts considerable influence on the overall process performance, and it is feasible in 
degrading high-solid waste with the advantages of (1) supplement of alkalinity, ammonia and 
microorganism to the front stage and (2) the dilution for the influent. Therefore, a temperature-phased 
two-stage process with a recirculation is a possible process for the upgrading of anaerobic digestion of 
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 organic solid waste. 
Sewage sludge is a typical organic 
solid waste, generated in a wastewater 
treatment plant (WWTP). The disposal 
of sewage sludge has represented up to 
50% of the current operating costs of a 
WWTP. Anaerobic digestion has been 
used successfully for stabilizing sewage sludge for over 90 years. Low treatment efficiency is a primary issue 
in the conventional mesophilic digestion of sewage sludge. Waste activated sludge (WAS) is more difficultly 
degradable than primary sludge, for most biodegradable material in WAS is either enclosed inside the 
microbial cell wall or enmeshed in the extracellular polymeric substances. With the upgrading and 
revamping of WWTPs to adapt to the reduced nitrogen discharge limits, primary clarifier is often removed 
and retention times for biological processes are extended, which resulted in more WAS generation and less 
biodegradability. Thermophilic (55℃)-mesophilic (35℃) temperature-phased anaerobic digestion (TPAD) can 
integrate the advantages of thermophilic and mesophilic digestion, and optimize the process due to staging. 
It has been proved that thermophilic–mesophilic two-stage process was an effective treatment for increasing 
methane production and volatile solids (VS) destruction, compared with a single-stage mesophilic digestion 
(MD), with a relatively low energy input and capital cost. Also, it is possible to operate TPAD process at 
higher loadings. Thus, a 
thermophilic-mesophilic TPAD 
process and a TPAD process with 
recirculation (TPAD-R) were 
synchronously operated in this 
study at a hydraulic retention 
time (HRT) of 30 days to treat 
WAS, with a single-stage MD 
process as control. The reduction 
of solids and the ability to produce 
methane significantly increased in 
the two-stage processes, with an 
Organic solid waste
M
Substrate tank (4℃)
Thermo. (55 ℃) or
hyper-thermo. (70 ℃) reactor
Meso. reactor (35℃)
M
M
Gas meter
M
Meso. reactor (35℃)
M
M
Biogas
Gas meter
Gas meter
Biogas
Gas meter
Meso. reactor (35℃)
Gas meter
Biogas
Biogas
Biogas
Recirculation
MD
TPAD
TPAD-R
Thermo. (55 ℃) or
hyper-thermo. (70 ℃) reactor
Schematic 
diagram of 
the MD, 
TPAD and 
TPAD-R
Organic solid waste
Anaerobic 
digestion tank
Co-products
(e.g. fertilizer,
nutrients)
Heat
Exhaustion of Fossil fuel
Needs of alternative energy
Electricity
Biogas
(Hydrogen or methane)
Serious lack of nonrenewable fuel
Energy
Restaurant
waste Manure
Sewage sludge
? 508 ?
  
improvement of VS reduction by 10%, and an improvement of methane recovery rate by about 20% 
accordingly. The thermophilic stage in the two-stage processes made a large contribution to organic matter 
degradation and solubilization, and the specific hydrolysis rate in thermophilc stage attained 0.2 g COD/g 
VS/d. Furthermore, under experimental conditions, the thermophilic stage in the two-stage processes also 
played an important role in acidogenesis and methanogenesis. The thermophilic pre-fermentation made 
Firmicutes and Methanosarcina become the main phylum and genus in the mesophilc stage, accounting for 
44% and 54%, respectively. The recirculation improved the diversity of bacteria and archaea in the 
thermophilic stage. The two-stage processes also achieved about twice the net energy of the MD. 
 Thermal pretreatment at higher temperatures (>100 ℃) causes higher energy requirements and 
operating difficulties, and pretreatment below 100 ℃ is appropriate especially when treating waste 
containing high concentration of protein, such as WAS. Pre-fermentation at 70 ℃ prior to mesophilic or 
thermophilic digestion has been widely studied, characterized by improved solubilization of particulates, and 
methane production in the following mesophilic stage. Moreover, in addition to solubilization, 
methanogenesis, especially hydrogenotrophic methanogenesis, can also make a contribution at 70 ℃. Thus, 
the temperature of pre-fermentation was elevated from 55 ℃ to 70 ℃ to synchronously operate a 
hyper-thermophilic-mesophilic TPAD process and a TPAD-R process in this study to treat WAS, with a 
single-stage MD process as control. Over the whole experimental process, HRTs were shortened from 30 
days to 20 days, and then to 10 days, with each HRT condition over 2 turnovers. It turned out that the 
accumulation of solids increased with shorter HRT. Compared with the MD, the TPAD-R process achieved 
upgrading with the greatest extent, with an improvement of solids reductions by over 10%. 
Hyper-thermophilic stage led to solubilization of amounts of organic matter and improved hydrolysis, which 
provided the possibility for the rapid methanogenesis in the following mesophilic stage. The specific 
hydrolysis and acidification rate of hyper-theromphilic stage of the TPAD-R process in HRT 10 days got to 
the top, 2.367 g COD/g VS/d and 1.120 g COD/g VS/d, respectively. Consequently, methane was primarily 
produced in mesophilic stage. When HRT was shortened to 10 days, the TPAD process failed due to serious 
organic acid accumulation and pH drop. However, the TPAD-R process remained effective in HRT 10 days, 
indicating the advantages of the recirculation. 
Lipid-containing waste is of higher methane production potential than other organic-rich waste. In 
anaerobic digestion of lipid, lipid is initially hydrolyzed to long-chain fatty acids (LCFAs) and glycerol. The 
following conversion of LCFAs to hydrogen and acetate by β-oxidation is the rate-limiting step. LCFAs are 
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well-known inhibitors for 
various microorganisms even 
at millimolar concentrations, 
and consequently cause 
serious problems in anaerobic 
treatment systems, such as 
the scum layer formation and 
the biomass flotation. 
Adsorption is considered as 
the main reason to cause 
inhibition due to the physical disturbance to the cell wall of microorganisms, affecting the transport of 
substrate and nutrients. Fortunately, the inhibition caused by LCFAs is reversible. However, once the 
inhibition caused by LCFAs has existed, the time needed to recover is relatively long. In order to accelerate 
the recovery process, some recovery strategies for inhibited thermophilic sludge have been investigated, and 
this study deals with the recovery strategies of mesophilic sludge inhibited by LCFAs, with de-oiled grease 
trap waste (GTW) representative of lipid-containing waste. Four recovery strategies: bentonite addition, 
water dilution, mixing with low LCFA substrate and mixing with inocula, with control test as comparison, 
were employed in this study to accelerate the recovery process of mesophilic anaerobic sludge. Bentonite 
addition, water dilution with a mixing ratio of 80% and mixing with active inocula achieved shortening of 
the recovery process. The whole recovery time took approximately 3.5 months for the control test, as 
calculated from the beginning to the end of the lag time after de-oiled grease trap waste was re-added as 
Food/Inocula (F/I) ratio of 0.4. At least 10 g/L of bentonite addition was necessary for the fast recovery of the 
inhibited sludge, with the whole recovery time one month shorter than the control test. 1.5 months could be 
saved for the whole recovery process when the strategy of water dilution with 80% mixing ratio was 
considered. The more inocula were mixed with the inhibited sludge, the more the recovery period was 
lessened. For the strategy of mixing with inocula with the mixing ratio 80%, only 20 days were needed for 
the whole recovery process. 
Food waste (FW) is the most significant composition in increasing organic solid waste. The generation of 
FW is predicted to increase with 44% by the year of 2025. The uncontrolled discharge of FW causes severe 
environmental pollution, such as decay and odor. Anaerobic digestion has proved to be an effective 
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technology to treat FW, due to the capabilities in energy recovery, waste reduction and stabilization, low 
carbon emission and limited pollution. Nonetheless, in many cases, anaerobic digestion of municipal solid 
waste in smaller facilities often confronts the issues that biogas utilization is less economically or 
operationally appealing than flaring excess biogas. As a consequence, smaller waste treatment facilities do 
not commonly use anaerobic digesters for solids management, let alone implement biogas utilization. One 
feasible way to improve the economics of biogas utilization is to substantially increase biogas production by 
anaerobic co-digestion with substrates of high biogas production potential. In fact, GTW is another major 
stream of restaurant waste in addition to FW. After the oil-rich fraction is drawn away to be utilized as 
biodiesel, de-oiled GTW turned out to be an appropriate substrate for anaerobic digestion with a high 
methane production potential due to high still high lipid content. Thus, de-oiled GTW is likely to be an ideal 
co-substrate to increase the economics of biogas utilization from FW, which is attributed to the proximity of 
GTW to FW in addition to high methane production potential of de-oiled GTW. A lab-scale 
thermophilic-mesophilic TPAD process and a TPAD-R process were synchronously operated in this study to 
treat FW (mono-digestion) and mixed substrate of FW and de-oiled GTW (co-digestion), respectively, with a 
single-stage MD process as control. The operation results showed that co-digestion increased the biogas yield 
by 19% in the MD and TPAD-R, with a biogas yield of 0.60 L/g VS added. Specific methanogenic activity in 
the TPAD-R was much higher than that in the MD. In addition to methane, hydrogen at a yield of 
approximately 1 mol/mol hexose was produced in the TPAD-R. Alkalinity was consumed more in the 
co-digestion than in the mono-digestion. Co-digestion resulted in more lipid accumulation in each digester. 
The MD favored the degradation of lipid and conversion of LCFAs more than the two-stage processes. 
It is concluded that thermal pre-fermentation was effective for anaerobic digestion of WAS in accelerating 
biogas production and promoting solid reduction. However, in the case of restaurant waste, serious pH drop 
in the thermophilic pre-fermentation stage made the pre-fermentation fail in the TPAD. The TPAD-R was 
apparently more resilient for improved organic loading rates or refractory substrate, characterized by the 
stable operation due to alkalinity supplement and mutual microbial interaction resulting from recirculation. 
Also, recirculation made hydrogen production possible in the pre-fermentation stage in the TPAD-R. From 
the viewpoint of energy recovery, two-stage processes were advantageous in improving net energy 
production up to 60-100%. Among the investigated recovery strategies, mixing the mesophilic sludge 
inhibited by LCFAs with inocula was the most effective to accelerate the recovery process. Co-digestion of 
FW with de-oiled GTW indicated the feasibility to increase the economics of biogas utilization from FW. 
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